Four Friesian steers (X BW = 282 kg) were given mixtures of VFA and casein by intragastric infusion to give a total energy input of 675 kJkg BW*75. Casein supplied 16.3% of the energy and 777 mg N/kg BW-75. The molar proportion of butyric acid was held constant at 8 moVl00 mol, and the acetic and propionic acids varied inversely. Acetic acid was varied in 12 increments from 11 to 91 mo1/100 mol and propionic acid proportion varied inversely. H e a t production, blood (urea, insulin, phydroxybutyrate, free fatty acids) and urine metabolites (urea, N, VFA) were measured. There were no differences (P > .Os) in heat production until the acetic acid proportions exceeded approximately 90 moUl00 mol, at which point there was a decrease in heat production (P e .05) accompanied by a considerable excretion of acetic acid in the urine. Above 80 mol/100 mol acetic acid, phydroxybutyrate was greatly elevated, accompanied by a small decrease in blood glucose and blood insulin together with an increase in blood free fatty acid concentration. There was also an elevation of N excretion in the urine. When the proportion of propionic acid exceeded 76 moV100 mol there were some metabolic disturbances resulting in blood hemolysis, an increase in N excretion in the urine, and nervuus disposition of the animals. It is concluded that differences in heat production between roughage and concentrate diets are not likely to be a result of differences in the energetic response to diffenmt proportions of VFA. Differences in activity during standing, feeding, and ruminating may, therefore, be more important. Excessive oxidation of acetic acid does not seem to be involved in the heat increment of roughage feeding because the nuninant reacts to excess supply by excreting the acetate in the urine.
utilization of energy from roughage or concentrate diets, but this hypothesis was difficult to test. Basal diets supplemented in excess of .15 of ME with a single VFA (Armstrong and Blaxter, 1957) or its salts result in inappetence (eh. skov and Allen, 1966) . Supplements also were assumed to have no effect on the digestion of the basal diet, although .15 ME as acetate added to a diet already producing high acetate would result in unphysiological proportions of acetic acid in the rumen. These aspects have recently been reviewed by 0rskov and MacLeod (1990) and @rdcov and Ryle (1990) .
The technique of intragastric infusion (&-skov et al. 1979b ) solved many of the previous technical problems, and early studies with sheep (Ckskov et al., 1979b) showed no systematic difference over a wide range of 3389 VFA proportions. In the present work, steers wholly nourished by intragastric infusion of nutrients were used to determine the effects on their metabolism of a large range of the proportions of acetic and propionic acids infused directly into the rumen. The steers were kept in respiration chambers (KuVera et al., 1989) , where heat production was continuously recorded and during which measurements were made of blood and urine metabolites. The one energy level used was that of 1.5 times the estimated requirement for energy balance.
Experimental Procedure
Animals. Four Friesian steers that weighed 260 to 330 kg live weight and were 9 to 12 mo old were used in this experiment. They were surgically prepared with ruminal cannulas and abomasal catheters, and their normal diet of mixed hay and concentrates was continued for 2 wk after surgery. They were then transferred to respiration chambers, at which time normal diets were discontinued and the infusion technique was employed to supply nutrients. Volatile fatty acids and major minerals were directed to the rumen, and soluble casein, vitamins, and trace minerals were directed to the abomasum. Surgical procedures and the infusion technique were as described by MacLeod et al. (1982) Management. The steers were housed in open-circuit respiration chambers for the duration of the experiment (KuVera et al., 1989) .
The chambers were enclosed, conventional concrete stalls with rubber mat flooring into which a tubular metal grid was set. Urine and feces were collected directly over separate fiberglass trays and into plastic containers. The chambers remained open while the steers were being changed over from a conventional feeding system to one of complete infusion of nutrients. They also were open throughout preliminary periods in the course of the trial. During expeximental periods, the chambers and gas analyses were run continuously for 2-h cycles, in each of which outside air was sampled for 10 min. Automatic switchgear allowed for alternate sampling of each of the two chambers over separate 27-& intervals. The chambers were opened only between daily runs for essential checks on in-line gas drier (calcium sulphate) and for withdrawal of venous blood and of ruminal liquor samples. The infusates and peristaltic pumps were located outside the chambers, and the solutions were pumped through vinyl transmission tubes that entered the top-rear of the chambers. The tubes inside the chamber were led over a twopulley system and connected to the ruminal cannula and abomasal catheter (KuVera, 1988) .
Treatments and Design. Only two respiration chambers were available, so only two steers could be studied at any one time. The initial treatment for all steers was a mixture Table 1 ). Butyric acid remained at a molar proportion of 8 mol/l00 mol of the three VFA throughout the full range of treatments. However, there were serious metabolic problems associated with the higher levels of propionate, such that the highest molar level of propionic acid achieved was 81 mol/100 mol and the lowest level of acetic acid was 11 mol/l00 mol. Although the higher levels of acetic acid also precipitated metabolic problems, measurements were possible even with 91 moVl00 mol.
Ruminants have been shown to respond rapidly to directly available infused nutrients, and periods of adaptation that are needed for normally fed animals are thus not required (Asplund et al., 1985) . In this trial each infusion period lasted 2 d, but infusions were extended to 3 or 4 d if measurements of a trait (e.g., heat production) were unsatisfactory for mechanical reasons. The sequence of VFA infusion for two steers is given in Table 1 . The other two received the sequence in the reverse order.
Measurements of Heat Production. Oxygen and carbon dioxide concentrations were measured in chamber air and compared to those of mom air. The oxygen concentration was measured with a paramagnetic analyzer3 and the concentration of carbon dioxide with an infrared analyze#. Heat production was then calculated from the changes in both gases (Brouwer, 1965) . Chamber and room air were continuously sampled in twehourly cycles over 24-h periods. Exhaust air was channeled over alternate 27-min intervals from each of the chambers through gas analyzers. Time spent standing or lying was measured using an electric switch that was activated when the steers lay down.
Collection and Analysis of Urine. Urine was collected over 24-h periods and acidified to e pH 4 using 10% ( m o l ) HzSO4. It was weighed daily and subsampled for analysis. Total nitrogen was determined by the automated Kjeldahl method of Davidson et al. (1970) . The technique of Technicon Instrument Co. based on a modification by Marsh et al. (1965) was used for urea. Total and proportionate VFA were determined using gas-liquid chromatography with a flame ionization detector according to Ottenstein and Bartley (1971) .
Analysis of Blood Samples. Blood samples (20 ml) were withdrawn by venipuncture from a jugular vein into evacuated tubes containing heparin and EDTA on the last day of each treatment period. The evacuated tubes were centrifuged for 10 min at 1,200 x 2 and the plasma was stored at -70'C until it was analyzed. Free fatty acids were estimated on the EDTA samples using the WAKO Chemicals GmbH Enzymatic Colorimetric Method6. All other estimations were made on the heparinized samples. Glucose was determined by the method of Trinder (1%9), insulin was analyzed by RIA (Basset and Thorbum, 1971) , urea by the method of Marsh et al. (1965) , and hydroxyb butyrate according to Zivin and Snarr (1973) .
Ruminal Samples. Samples each of approximately 50 ml of ruminal fluid were withdrawn twice daily at o900 and 1700 through the ruminal cannula with a 30-cm length of vinyl tube attached to a syringe. The ruminal fluid, ideally controlled to pH 6.0 to 6.5, and osmotic pressure, maintained at below 330 mosmolfliter, was checked on a bench model pH meter and on a model 3L Advanced Osmometer7. The total volume of infuzates to both rumen and abomasum was approximately 1.0 kg/kg BWS'~, of which approximately 75% was directed to the rumen as diluted VFA and buffer solutions and 25% as soluble casein to the abomasum. These volumes in association with the concentration of buffer solution are based on previous observations to control ruminal pH and osmotic pressures at the energy level used in this work (Hovell et al., 1987) .
Statistical Analysis. The statistical analyses of these data needed to allow for the systematic order in which the treatments were allocated, because such arrangements could increase the risk of bias and make the estimation of error difficult. Except for three levels at 46, 81, and 11 moVl00 mol of acetic acid (see Table l ), all treatments were administered to each steer twice, once preceded by a lower level and once by a higher level This reversing of the sequence enabled the presence of cany-over effects to be checked and the influence of such effects, if they existed, to be minimized. Checks revealed no carry-over effects (P > .05), so it was concluded that if they were present they were small. The mean of the two observations was taken as the basic unit in the analysis. Also, the lack of carryover effects meant that the three levels mentioned before could be compared without bias. Thus, for each variable the basic data comprised means for each of the 11 treatments on four steers.
In analyzing the 44 observations two features of the variation were recognized. First, the design had features of repeated measures, and, second, the variability of response was not always equal for all treatments. The data presented are T i f SE with four observations per treatment. Comparisons between any pair of treatments were performed using a paired rtest with 3 df.
Results
When a VFA mixture was infused in which propionic acid constituted more than 81 mol/ 100 mol VFA, a moderate deof hemolysis and hemoglobinuria often became evident, with blood in urine and hemolized blood. The exact cause was not clear. Ruminal fluid osmotic pressure was lowest when the proportion of propionic acid was highest, but blood glucose concentration was not substantially elevated.
The pH of ruminal samples ranged from 5.7
at the higher levels of acetic acid infusion to 6.8 at the lowest. The osmotic pressure of ruminal fluid followed a similar pattern: it was lowest at approximately 290 mosmols/Liter on the lower proportions of acetic acid and increased to approximately 360 mosmols/liter with increasing proportions of acetic. These routine observations on the ruminal fluid of wholly infused steers are important because impaired absorption ftom the rumen of VFA at osmotic pressures similar to the higher levels in the trial has been demonstrated in our laboratory (N. A. MacLeod, unpublished obsemations). The propionic acid proportion was immediately stepped down to the previous level at any sign of hemolysis. Because of this problem, observations were made at 81 mol/ 100 mol on only three steers; therefore, the results have been analyzed up to 76 moVl00 mol. This proportion of propionic acid is well above possible physiological levels.
At the other extreme of very high acetic acid proportion, the steers, according to analyses of concentrations of blood metabolites, were experiencing a metabolic crisis, as judged by high plasma concentrations of p-hydroxybutyrate. However, this did not seem to cause so serious a problem as did extremely high propor&ions of propionate. The only behavioral There were differences (P < .01) in the p coefficient among steers. The variance accounted for in four steers was 92.5, 90.4, 91.1, and 90.3%. By using a common coefficient the variability accounted for was 88.6%. This equation was j3-hydroxybutyrate = e1.979/ propionate**508. The graph is shown in Figure la . It can clearly be seen that when acetate accounted for 76 moll100 mol, or less than 16 moVl00 mol of propionate, j3-hydroxybutyrate concentration began to increase rapidly. This concentration doubled when acetate rose from 76 to 84 mol/ 100 mol and doubled again from 84 to 88 mol/ 100 mol.
For the other traits it was not possible to fit an equation because there was no consistent trend with treatments, and sometimes a large variation among steers was observed. There fore, the data given in Figures 1 to 3 Figure IC) .
The concentration of blood glucose is shown in Figure Id concern about nuninal fluid contamination for the first two steers. Although the effects were similar among steers, data in Figure 2b relate only to two steers for which measurements were made on urine that was collected directly. Nevertheless, there was a clear elevation in the daily excretion of urinary acetate in the urine at 86, and even more so at 91, moVl00 mol of acetic acid in the VFA infusate. The energy in the urine did not vary (P > .OS) among steers and treatments and was on average 25.2 f 2.8 f i kJ/kg BW75, but at 91 moVl00 mol of acetic acid about 10% of the acetic acid infused was excreted in the urine.
Fecal N Excretion. Because of the infrequent and variable fecal excretion it was not possible to relate it to treatment. The average daily fecal N excretion during the experimental period was about 20 mg N/kg BW75. If this value is subtracted from the daily input of 777 mg N/kg BW75 , it can be seen from Figure 2a and Table 2 that the steers were always in Acetate proportion at 91 moI/lOO mol reduced heat production (P < .a). In Figure 3b time spent standing was reduced at 86 and 91 moUl00 mol (P < .E). Acetic acid propomonS are given on the x-axis. Butyric acid was held wmtant at 8 moVlOO mol and propionic acid varied inversely with acetic acid proportions. The bars in the figwe indicate SE. positive N balance, even during the period of high acetic acid infusions when N excretion was elevated. Energy Merabolism. The effect of changes in VFA infusion on heat production is shown in Figure 3a . There was response to VFA proportion only at the highest level of acetic acid proportion when heat production was decreased (P < .05) in comparison with other levels.
The proportion of time standing is shown in Figure 3b . The time spent lying was greater at 91 and 86 moVlo0 mol of acetic acid than at the other VFA compositions (P c .01). There were no differences (P > .05) among the other VFA proportions.
Dlscussion
The results presented depict the metabolic consequences of changes in VFA proportions produced in the rumen. Over the range of VFA proportions normally found in nuninants (i.e., between 45 and 75 mol/lOO mol of acetic acid and 15 to 45 moVl00 mol of propionic acid) no change was observed in b l d glucose, insulin, free fatly acids, and b-hydroxybutyrate or in urinary excretion of N and heat production.
When acetate proportion exceeded 75 mol/ 100 mol, which is greater than that normally found in conventionally fed steers, some metabolic disturbance was observed, including an elevation of plasma concentrations of p hydroxybutyrate indicative of glucose deficiency. This is also reflected in the reduction in blood glucose and insulin and eventual elevation of free fatty acids. There was, however, no evidence of an elevated heat production as a response to the lack of glucose precursors in the VFA mixture. In fact, there was a small (P < .05) decrease that may well have been a result of a decrease in oxidation of acetic acid because acetic acid was found in the urine in significant quantities, particularly at the highest proportion of acetic acid in the infusate. Glucose deficiency is also indicated by an elevated excretion of N due to oxidation of amino acids, a condition presumably similar to that observed in fasted animals (see review KuVera et aL, 1989).
The metabolic disturbances at the highest levels of propionic acid infusion are more difficult to understand, because insufficient blood metabolites were monitored to provide an explanation. The work of Reynolds et al. (1989) on rates of glucagon and insulin production in high-yielding cows is interesting in this respect. Possibly the capacity of the liver to metabolize propionic acid was exceeded, so that propionate appeared in significant quantities in the peripheral circulation. Yet, there was no apparent elevation in insulin concentration, which is usually observed when propionate enters the peripheral circulation in significant amounts (Istasse et al., 1987) . Glucagon concentration was not m e a d here. The hemolysis and blood in urine when the propionic acid exceeded 76 moVl00 mol is difficult to explain. However, this disturbance is of less nutritional interest in that it would not be possible even on stoichiometric grounds to produce propionic acid from carbohydrate fermentation in proportions exceeding about 55 moVl00 mol. The most significant resuIt here is that, in agreement with previous results with lambs (p)rskov et al., 1979a), there seems to be no consistent difference in heat production between the different VFA. The results further show that when the acetic acid proportion is well in excess of that which normally occurs an apparent glucose deficiency is present, as indicated by the elevation in hydroxybutyrate and N excretion. However, the steers reacted to this problem not by inefficient oxidation of acetic acid, as postulated many years ago by McClymont (1952) and argued about since, but by excreting excess acetic acid in the urine. The results also agree with results of Crabtree et al. (1987) , who showed that at high acetic proportion the greatest possible increase in heat production due to inefficient oxidation could account for no more than .5% of basal metabolism. The actual utilizatian of the VPA mixtures used is diflicult to access because only one level of energy input was used. However, if it is assumed that energy balance occurred at 450 kJ/kg BW.75, as found for sheep (0rskov et al., 1979a) , it can be calculated €tom average heat production of 551.2 kJ/kg BW.75 that the W A mixtures were utilized with an efficiency of about .55, almost identical to the average value observed in sheep (Idrskov et aL, 1979a) and €tom intrawal VFA infusion in pigs (Gadeken et al., 1989) .
impllcatlons
It is clear from our results that changes in VFA proportion produced in the rumen can only benefit the energy economy of the animal by changes in capture of fermentation energy. An increase in the propionic acid proportion will cause a decrease in methane production. There seems to be no advantage to the animal of a higher propionic acid proportion than those normally found. Manipulating the type of fermentation to limit the amount of propionic acid produced and thereby avoid an elevation in blood insulin in dairy cows is of interest. However, the usefulness of manipulating the type of fermentation for efficient feed utilization is generally overrated. Our data are consistent with changes in physical activity and other behavioral changes as the principal explanation for differences in utilization between roughage and concentrate diets. Differences in the energy expenditure occasioned by the longer eating and rumination times seem to be particularly important. 
